Serpentinized massif peridotite in the Xugou, Su-Lu ultrahighpressure (UHP) metamorphic belt, eastern China, preserves texturally old (porphyroclastic) ortho-and clinopyroxene with up to two generations of lamellae of garnet, clinopyroxene and Mg-chromite. Their crystallographic orientation with respect to the host pyroxene is consistent with an origin by solid-state exsolution. Comparison of integrated mineral chemistry with simplified and natural chemical datasets suggests that both aluminous precursor pyroxenes were in equilibrium at a minimum pressure of $4 GPa and within a temperature range of about 1300^15008C. Steep isopleths of Ca in orthopyroxene imply that exsolution occurred during cooling. Al diffusion modelling suggests growth of widely spaced lamellae in orthopyroxene down to about 9008C. Integrated Al contents between wide lamellae record a minimum of 4 GPa pressure during cooling. Compositionally uniform exsolved minerals were formed at 4·3 AE 0·3 GPa and 730 AE 308C and reflect a cratonic geotherm with about 33 mW m À2 surface heat flow. The peridotite matrix mineral assemblage of olivine þ orthopyroxene AE garnet AE Mg-chromite AE clinopyroxene AE phlogopite records strain-induced recrystallization that partially to completely replaced precursor porphyroclasts. The recrystallized minerals lack lamellar exsolution. Recrystallized orthopyroxene, with Al 2 O 3 at 0·13 wt %, indicates conditions of 5·5 AE 0·3 GPa and 760 AE 308C, which are higher-grade metamorphic conditions than those preserved in the chemically equilibrated exsolution microstructures. Both estimates overlap with the range reported for the Early Mesozoic UHP metamorphism in the region (4·06 ·7 GPa and 760^9708C). Major element melt models applied to previously published Xugou peridotite data suggest high degrees of melt extraction (30^35 %) in the garnet peridotite stability field (34 ·5 GPa) until garnet and clinopyroxene exhaustion. Coincidence in pressure and in the order of temperature of equilibration of precursor pyroxenes and peridotite melting implies that peridotite formation occurred at $135 km depth in the subcontinental lithospheric mantle (SCLM) beneath the Archaean North China Craton. Subsequent refertilization, mineral exsolution and chemical re-equilibration during long-term cooling in the SCLM occurred prior to deformation and incorporation of the mantle fragment into the continental crust during UHP metamorphism at a minimum depth of 170 km. Because the Xugou precursor pyroxenes and peridotite formed at depths greater than the regional SCLM (c. 90 km), we infer that the orogenic peridotite massif formed part of the former hanging wall of the Archaean SCLM, which delaminated after the Late Mesozoic.
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I N T RO D UC T I O N
The majority of orogens that contain ultrahigh-pressure (UHP) metamorphic terranes formed during ancient continent^continent collision. The history of these collision zones is preserved in continental crust that passed through a cycle of prograde, peak and retrograde metamorphic evolution, which in turn describes an orogenic cycle. Realistic reconstruction of orogenic cycles requires the recognition of the early and peak metamorphic conditions. Their preservation competes with the superimposed retrograde metamorphism that generally dominates the rocks when elevated temperature (T) and the presence of fluids enhance mineral chemical re-equilibration, metamorphic reaction and plastic deformation. Armored and therefore protected UHP index minerals, such as coesite (Coe) and microdiamond (Dia), and also the breakdown products of former UHP minerals such as supersilicic (majoritic) garnet (Grt), provide major tools with which to unravel the orogenic cycle's peak metamorphism, with minimum estimates of pressure (P) having more than tripled within the last three decades (Chopin, 1984; Smith, 1984; Sobolev & Shatsky, 1990; Dobrzhinetskaya et al., 1995; Ye et al., 2000; Scambelluri et al., 2008) .
UHP index minerals in metamorphic crustal rocks unambiguously indicate the minimum P conditions of the continental crust at a certain stage during subduction and subsequent exhumation. In UHP metamorphic belts, Grtp yroxene (Pyx) mineral microstructures interpreted to have formed by the breakdown of majoritic Grt, a mineral indicating P conditions exceeding 200 km depth for a subduction environment (Akaogi & Akimoto, 1977; Irifune, 1987; Gasparik, 2000) , have been reported only from isolated Mg-Cr type orogenic Grt-peridotite bodies (Van Roermund & Drury, 1998; Ye et al., 2000; Massonne & Bautsch, 2002; Song et al., 2004 Song et al., , 2007 Yoshida et al., 2004) , not from the embedding crustal lithologies. As the former are of mantle origin (Carswell et al., 1983) and record conditions during both lithospheric mantle residence and later tectonism, additional constraints are required to interpret the origin of UHP minerals in orogenic peridotites. This necessity appears even stronger as Grt^Pyx microstructures after solid solution precursors are recognized from subcontinental lithospheric mantle (SCLM) xenoliths that lack evidence for tectonic UHP metamorphism (Cox et al., 1973; Haggerty & Sautter, 1990) . Recent studies on dry and fluid-overprinted orogenic peridotites, which include microstructural relations and major element, trace element and isotope chemistry, independently and consistently show two results: (1) the prograde subduction partially destroyed Grt^Pyx mineral microstructures after majoritic Grt; (2) the peak UHP metamorphic assemblage lacks these microstructures (Spengler et al., 2006 (Spengler et al., , 2009 . These observations suggest a maximum limit of c. 200 km depth for continental slab exhumation in the case of the Scandinavian Caledonides. Contrasting interpretations in global UHP metamorphic orogens have been based predominantly on the partitioning of selected major and trace elements [which favour a low-T (LT) history] and have lacked isotope data from Grt^Pyx microstructurebearing mineral assemblages (Ye et al., 2000; Song et al., 2004 Song et al., , 2005 Scambelluri et al., 2008) . The latter would provide a strong criterion for the correlation of precursor mineral phases to the evolution of multiply equilibrated rocks.
Here we investigate the origin of the complementary exsolution microstructure in the Grt^Pyx solid solution system; that is, Grt lamellae in Pyx after superaluminous precursor Pyx [tschermakitic Pyx, namely Pyx rich in 'Tschermak' component, hereinafter referred to as Ts ¼ (Ca,Mg)AlAlSiO 6 ], from an orogenic peridotite at Xugou, in the Su-Lu UHP metamorphic belt, eastern China. We focus on the mineral microstructural record, the major and trace element chemistry of exsolved and reconstructed precursor mineral phases, and element diffusivity. Similar microstructures after tschermakitic Pyx were reported previously from orogenic peridotites from the Scandinavian Caledonides (Carswell, 1973; Lappin, 1974) and from mantle xenoliths from the Kaapvaal Craton (Cox et al., 1973; Borley & Suddaby, 1975 ) that were interpreted to be related to SCLM evolution. Our new results on the Su-Lu samples show that exsolution in the Grt^Pyx solid solution system in orogenic peridotites preserves more information about the history of the SCLM beneath eastern China than has been currently recognized (Ye et al., 2000 (Ye et al., , 2009 Zhang & Liou, 2003; Yang, 2006; Zhang et al., 2011) .
G RT^P Y X S O L I D S O L U T I O N S Y S T E M
Grt and Pyx are two major components of the Earth's upper mantle and form a solid solution system based on the substitution
which replaces octahedrally coordinated Al in the Grt structure: and places Al at tetrahedral and octahedral positions in the Pyx structure:
with M ¼ (Mg, Fe, Ca) and 0 x 1.
Experimental and thermodynamic studies show that the degree of substitution (1) depends mainly on P and to a smaller extent on T and composition (Ringwood, 1967; Akaogi & Akimoto, 1977; Irifune, 1987; Canil, 1991; Fei & Bertka, 1999; Gasparik, 2000) . For natural compositions and in the simplified CMAS system, isopleths of Si in Grt have negative slopes in P^T space, whereas those of Al in Pyx have positive slopes. Both minerals show a pronounced low degree of substitution (1) at typical 'diamondfacies' UHP metamorphic conditions of 4·5^6·5 GPa and 800^10008C (Fig. 1) . The slopes of the isopleths suggest that three processes can theoretically form solid-state exsolution products from initial solid solution precursor phases by reversed substitution. Large quantities of Pyx may exsolve from majoritic Grt during mantle upwelling [A, vertical arrow at high T (HT) in Fig. 1 ], whereas small to moderate quantities of exsolved Grt and/or Pyx lamellae may form during two processes. Near-isobaric cooling in the lithospheric mantle cross-cuts isopleths of both Al and Si simultaneously and may form Grt lamellae in Pyx and vice versa in a single-stage process (B, horizontal arrows in Fig. 1 ). Alternatively, Grt lamellae in Pyx may form during compression in a continental subduction setting and Pyx lamellae in Grt may form during subsequent decompression (two-stage process, C, vertical arrows at LT in Fig. 1 ). The two complementary solid solution precursor phases, majoritic Grt and tschermakitic Pyx, are genetically related to each other (i.e. stable at the same time) in the former (B), but form at different times in the latter (C). The confiningTregime can be used to discriminate between B and C on small to moderate exsolved quantities in natural occurrences.
G E O L O G I C A L S E T T I N G
The eastern part of the North China Craton (NCC) stabilized early in Earth's history, as is evident from early Archaean ages (3·6^3·8 Ga) preserved in crustal rocks (Liu et al., 1992; Song et al., 1996; Zheng et al., 2004) . Studies on mantle xenoliths, xenocrysts and inclusions in diamond from Paleozoic kimberlites show that the lithospheric root of the craton extended to 220 km depth, was similar in composition to other Archaean SCLM (Kaapvaal, Yakutia) and was cold, corresponding to 364 0 mW m À2 surface heat flow from at least Middle Ordovician times (He, 1987; Menzies et al., 1993; Zhang et al., 1994a; Griffin et al., 1998; Xu, 2001) . Re depletion (T RD ) ages from peridotite whole-rocks range from 2·5 to 2·8 Ga (Gao et al., 2002) . Those from in situ analyses of sulphides range from 2·5 to 3·0 Ga (Zheng et al., 2007) . These ages demonstrate a minimum Middle^Late Archaean timing of formation of the oldest SCLM beneath the eastern NCC.
In contrast, geophysical data and the mineral chemistry of mantle xenoliths from Mesozoic^Cenozoic kimberlites and basalts constrain the nature of the SCLM to depths of about 90 km and high T, corresponding to a surface heat flow decreasing from initially 4100 mW m À2 at the end of the Mesozoic to the present-day value of 64 mW m À2 (Tatsumi et al., 1990; Basu et al., 1991; Menzies et al., 1993 Menzies et al., , 2007 Griffin et al., 1998; Menzies & Xu, 1998; Xu et al., 1998; Xu, 2001; Zhao, 2009) . Basalt-hosted shallow mantle xenoliths vary highly in their melt-compatible element contents (Menzies et al., 1993; Zheng et al., 1998) . (Gasparik, 2000) . Isopleths show the excess Si content (100 Si per 12 oxygen ¼ mol % majorite) of Grt (continuous line) and the Al content (50 Al per 6 oxygens ¼ mol % Ts) of Pyx (dotted line). Grt^Pyx solid solution phases divide the Grt-peridotite field into quarters: majoritic Grt (dark grey), tschermakitic Pyx (light grey), both (medium grey) and none of them (white). Arrows denote possible processes that may cause exsolution in Grt (continuous line) and Pyx (dashed line) enclosed in peridotite: mantle upwelling (A), near-isobaric cooling at SCLM depth (B) and near-isothermal (de-)compression in a continental subduction setting (C). Diamond^graphite (Dia^Gr) phase transition (dash^dotted) is from Kennedy & Kennedy (1976) .
High-Mg peridotite with Ol Mg# [Mg/(Mg þ Fe)] of !0·92 is believed to represent relict refractory Archaean SCLM, whereas low-Mg peridotite with Ol Mg# 50·91 may represent either chemically modified old or newly accreted lithosphere (summarized by Zheng et al., 2007) . Chemical and isotope studies on igneous rocks and entrained mantle xenoliths constrain the modification of the SCLM and the lower continental crust to have lasted from Early Jurassic to Late Cretaceous times (Yan et al., 2003; Gao et al., 2004; Xu et al., 2004; Yang et al., 2008) . The Su-Lu UHP metamorphic belt in eastern China is the easternmost part of the Qinling^Hong'an^DabieŜ u-Lu orogen and formed during the northward subduction of the Yangtze block of the South China Craton beneath the eastern NCC during the Triassic (Ames et al., 1996; Liou et al., 1996; Hacker et al., 2000) . The UHP metamorphism occurred immediately before the onset of major thermo-tectonic lithosphere reactivation in the region. The Late Cretaceous Tan-Lu fault zone separates the Su-Lu belt from the rest of the orogen (Fig. 2) . Ductile thrust faults within the Su-Lu belt bound zones of high-pressure (HP) and UHP metamorphic rocks (Xu et al., 2006) . Their protoliths comprise mainly quartzofeldspathic gneiss, migmatite, marble, quartzite and amphibolite. Numerous isolated bodies of eclogite and associated, partially intercalated peridotite occur embedded within high-grade crustal rocks (Yang, 1991) . Evidence for continental subduction into the diamond stability field is provided by the metamorphic index minerals diamond and magnesite (Mgs) found in eclogite and Grt-peridotite (Yang et al., 1993; Xu et al., 2005) . The partitioning of major elements in these mafic and ultramafic mineral assemblages indicates UHP metamorphic conditions of c. 760^9708C and c. 4·0^6·7 GPa (Yang et al., 1993; Yang & Jahn, 2000; Zhang et al., 2000 Zhang et al., , 2003a Yang, 2006; Ye et al., 2009) . Recently, Mgs has also been reported as inclusions in metamorphic zircons (Zrn) from dolomitic marbles, showing that the crustal rocks experienced P^T conditions of 739^8668C and 45·5 GPa (corresponding to 4170 km depth) during the Middle Triassic, at 234 AE 3 Ma . Deeper subduction of the continental crust to P of 47 GPa (4200 km depth) is proposed from mineral microstructures after majoritic Grt in orogenic peridotites (Ye et al., 2000) . Exhumation from mantle to mid-crustal depths of the UHP metamorphic felsic and mafic rocks is documented by an intense amphibolite-facies overprint. Inclusions in Zrn record this overprint at 5507 208C and 0·7^1·4 GPa during the late Triassic, at 218^206 Ma (Liu et al., , 2008 Riemann et al., 2009) .
A NA LY T I C A L M E T H O D S
Major and minor element compositions of minerals were obtained by electron microprobe analysis (EMPA) using a JEOL JXA-8900 at the Venture Business Laboratory of Kobe University and a JEOL JXA-8105 at Kyoto University. The superprobes operated at standard conditions [15 kV, 10^12 nA, focused beam, 10^50 s peak counting time in wavelength-dispersive (WDS) spectrometer mode, ZAF correction]. External calibration was performed using international standards of pure elements, oxides and simple silicates.
Bulk chemical analysis of orthopyroxene (Opx) enclosing lamellae of clinopyroxene (Cpx) and magnesiochromite (Mg-Chr), both micrometre to sub-micrometre in width, was performed by WDS EMPA in an integrative manner. The electron beam was defocused to 10 mm to integrate a large spot surface together with its thin underlying interaction volume. Four line scans with 34 measurements were performed with a spacing of 10 mm between spot centres. The interaction volume depth beneath the target surface was estimated to be c. 2·0 mm using the mean atomic number of the host Opx ($10), the acceleration voltage (15 kV) and the program 'Electron Flight Simulator' (http://www.2spi.com/catalog/software/efs31.shtml). The maximum radius of the interaction volume exceeds that of the electron beam by less than 1 mm. Effects that may result from the minor overlap between adjacent hemispherical-like interaction volumes were neglected.
Compositional (element) maps were obtained by EMPA (Kyoto University) in WDS mode at 15 kV acceleration voltage and 100^250 nA beam current using a defocused beam 1^2 mm in diameter and a spot dwell time of 40 ms.
Crystallographic orientation relationships of Pyx and enclosed mineral lamellae were determined on thin section surfaces that were polished using standard techniques. A 
Xugou
Zhimafang T a n -L u F a u lt W u l i a n -Y a n t a i F a u l t Pearce et al. (1997) . A linear drift correction was applied to sequences of a maximum of five unknown analyses that included the NIST SRM 614 glass standard and that were preceded and followed by analyses of the NIST SRM 612 glass standard. The average of all 12 replicate analyses of the NIST SRM 614 glass reference material has a precision (1s) of less than 4% and reproduces the values reported by Morishita et al. (2005) within less than 6% for all REE. REE concentrations of a few ppb comply with the detection limits.
REE concentrations were also measured in Grt, Cpx and Opx by means of secondary ion mass spectrometry (SIMS) using a Cameca IMS 4f ion microprobe at CNR-IGG, Pavia (Italy). The procedure for Grt and Opx is similar to that adopted by L. Ottolini as described by Spengler et al. (2006 ) as determined from calibration standards. A similar procedure was followed to correct Yb from GdO interference at mass 174 (Bottazzi et al., 1994) . The primary beam current intensity was in the range 5^10 nA. Calibration standards are KAUG (Kakanui augite, New Zealand), KH1 (Kilbourne Hole Cpx megacryst), MNAG (Prp megacryst from Monastery Mine, South Africa) and KAKG (Prp megacryst from Kakanui). The precision and accuracy of the method (determined on the standards) are $10^15% at low ppm concentrations. Below 1ppm, precision is constrained by (Poisson) counting statistics and increases to several tens of per cent. REE concentrations of the order of a few parts per billion are close to our detection limits in the present experimental set-up.
Photographs of back-scattered electron (BSE) images with a resolution of 0·44^2·0 pixels per mm were processed for quantitative 2D digital image analysis using the program GIMP version 2.4 (http://www.gimp.org). Threshold detections based on grey scale histograms were applied to mineral core surface areas of 0·74^24 mm 2 to quantify the amount of enclosed intracrystalline lamellae larger than 10 mm in width. Outlines and surfaces of detected lamellae were checked individually and carefully corrected by hand where necessary. The proportion of the surface area percentage of Opx, Cpx, Grt and their replacement products were assumed to be equal to the proportion of the volume percentage of these mineral phases.
P E T RO G R A P H Y Xugou peridotite
The fault-bounded orogenic peridotite at Xugou in southwestern Su-Lu is subdivided into a small northern and a large southern peridotite body (refilled and active open pit, respectively). The latter measures c. 1000 m Â 500 m, occurs embedded in amphibolite-to eclogite-facies gneiss and is cut by a set of boudinized pegmatitic felsic veins that are 51m to a few metres thick, and strike NW^SE and dip shallowly to moderately SW. The ultramafic lithologies are composed dominantly of Grt-and spinel-(Spl)-bearing harzburgite (55 vol. % Cpx) that is intercalated with minor lherzolite (5^7 vol. % Cpx; Zhang et al., 2003a; Zheng et al., 2005) . Serpentinization ranges from almost complete to moderate (c. 50%). Preferred mineral orientations of short prismatic olivine (Ol) and Pyx define the dominant foliation with a NE^SW strike and a moderate to steep SE dip. Variable mineral modes of Ol þ Opx AE Cpx AE Grt AE Mg-Chr AE phlogopite (Phl), with crystals a few millimetres to 51mm in size, define a compositional layering subparallel to the dominant foliation. Single layers range in size from several millimetres to a few centimetres and are defined by layers rich in Ol þ Opx AE Phl that alternate with layers rich in Opx þ Ol AE Grt AE Mg-Chr AE Cpx AE Phl. Macroscopic variations in this layering occur on a scale of several decimetres to several metres. Large crystals of Opx and large, but rare, crystals of Cpx are among the constituent minerals within some layers; these are lenticular in shape and have single crystal sizes up to a few centimetres (Fig. 3a, d and e). A few layers are enriched in Phl.
Xugou peridotite contains Ol with Mg# of 0·92, which is similar to that in analogous outcrops at Yankou and Hujialin ( Fig. 2 ; Zhang et al., 2003a; Yoshida et al., 2004; Yang, 2006) . Ultramafic compositions have been reported to alternate with foliation-parallel layers and lenses of Grt-clinopyroxenite and eclogite with widths up to a few centimetres, 1m and tens of metres at Yankou, Xugou and Hujialin, respectively (Zhang et al., 2003a; Yoshida et al., 2004; Yang, 2006) . These intercalated mafic layers and lenses were found neither exposed nor as loose fragments during fieldwork at the Xugou peridotite in spring 2007.
Samples
Three peridotite samples collected from loose blocks at the NW margin of the Xugou active open pit were chosen for analysis. All samples are Spl-bearing Grt-peridotite. One sample lacks centimetre-scale Pyx (sample DS0706), one includes centimetre-scale Cpx (sample DS0703) and the third includes centimetre-scale Opx (sample DS0731).
Centimetre-scale Pyx is surrounded by grains of the same mineral phase of millimetre to 51mm scale. Shape preferred mineral orientation of the latter is subparallel to the main foliation plane and thus suggests formation by strain-induced recrystallization ( Fig. 3a and d ). Large Pyx grains have subgrains and exhibit undulose extinction in cross-polarized light. Furthermore, large Pyx grains enclose morphologically oriented lamellae (Fig. 3b , c and e^g) and have irregular grain boundaries against lamellae-free matrix grains that indicate partial replacement by the latter (Fig. 3e ). All these features characterize large Pyx grains as strained porphyroclasts (i.e. texturally old grains). Similarity in textural occurrence, size and lamellae-shaped mineral precipitates suggests that both types of porphyroclastic Pyx share the same mineral assemblage, hereinafter referred to as M 1 , before precipitation of lamellae and M 2 afterwards. The lack of other porphyroclastic mineral phases in the samples does not allow other components of M 1 to be determined petrographically.
Porphyroclastic clinopyroxene
Porphyroclastic M 2 Cpx encloses Grt lamellae (or flat needles) several millimetres in length and 30^100 mm in diameter ( Fig. 3b and c) . Cross-sections subperpendicular to the [001] Cpx axis show that these large-size lamellae (LSL) in Grt are regularly distributed and widely spaced (c. 100^300 mm). They bisect the host crystal's {110} Cpx cleavage planes [i.e. oriented parallel to the (100) Cpx and (010) Cpx planes of Cpx (Fig. 3b) ]. Fine-grained alteration of LSL Grt varies from complete, where it reaches porphyroclast rims (Fig. 3a) , to minimal, where it is restricted to porphyroclast cores ( Fig. 3b and c) . Minor Phl within M 2 Cpx cores is 5^100 mm in size and irregularly distributed: small lamellae occur within Cpx, whereas larger lamellae are restricted to Cpx^Grt interfaces (Fig. 3c) . A few inclusions of Spl are c. 5^10 mm in size and have an irregular distribution in M 2 Cpx (Fig. 3c) .
The M 2 Cpx porphyroclasts are marginally recrystallized ( Fig. 3a) . Recrystallized Cpx grains lack lamellae. In the studied sample, porphyroclastic and surrounding recrystrallized Cpx are both partially replaced by fine-grained alteration products that appear to include carbonate and hematite (Fig. 3a) . Consequently, three generations of Cpx are distinguished: M 1 Cpxç(now porphyroclastic) Cpx before LSL formation; M 2 Cpxç (now porphyroclastic) Cpx after LSL formation; M 3 Cpxçrecrystallized (matrix) Cpx.
Porphyroclastic orthopyroxene
Porphyroclastic M 2 Opx encloses lamellae of Grt, Cpx and Mg-Chr that can be grouped by lamellae size and spacing. The LSL of Grt and Cpx are several millimetres in length and 20^150 mm in width. This type of lamellae is less regularly distributed within the host M 2 Opx and appears to be widely spaced ()50 mm to millimetre scale) and partially interlaced (Fig. 3f) . LSL Cpx occurs more frequently than LSL Grt (Fig. 3f ). Fine-grained kelyphite often replaces LSL Grt along interfaces with the host M 2 Opx. Small-size lamellae (SSL) of Mg-Chr and Cpx are a few hundred micrometres in length and a few micrometres to 51 mm in width. They occur in a regular, closely spaced (550 mm) distribution, spatially separated and associated with each other (Fig. 3e^g) . SSL are absent within c. 50 mm of the LSL Grt ( Fig. 3f ) and within c. 50^100 mm of the occasionally occurring, non-recrystallized, M 2 Opx crystal margins that border Ol in embayments. In contrast, SSL are cut off by concave grain boundaries that abut recrystallized Opx grains (Fig. 3e ). LSL and SSL are morphologically oriented parallel to one another or have a small angular relationship (Fig. 3f ). In addition, LSL and SSL occasionally record plastic deformation, suggesting that their crystallization predates deformation of the porphyroclasts. The relationships between lamellae size and spacing, as well as the absence of SSL in the vicinity of LSL and of original crystal margins, are typical for Pyx that has experienced superimposed stages of solid-state exsolution (Champness & Lorimer, 1973; Sautter & Harte, 1988; Becker, 1997) .
The Opx porphyroclasts are surrounded by recrystallized Opx grains that lack lamellae. The absence of an SSL-free zone at concave grain boundaries of porphyroclastic Opx with matrix Opx implies replacement by the latter (Fig. 3e) . It follows that the Xugou peridotite preserves evidence for four successive generations of Opx: M 1 Opxç(now porphyroclastic) Opx before formation of both LSL and SSL; M 1^2 Opxç(now porphyroclastic) Opx after initial LSL and before SSL formation; M 2 Opxç(now porphyroclastic) Opx after formation of both LSL and SSL; M 3 Opxçrecrystallized (matrix) Opx.
Peridotite matrix minerals
The porphyroclasts are embedded in the matrix mineral assemblage M 3 Ol þ Opx AE Cpx AE Grt AE Mg-Chr AE Phl ( Fig. 3h and i) . M 3 Ol and Opx are up to 1mm in size and show weak undulose extinction in cross-polarized light. The other mineral phases are 51mm in size and lack undulose extinction. M 3 Grt, Mg-Chr, Opx and Cpx usually occur with granular shaped inclusions of one (Table 3) . Samples: DS0703 (a^c), DS0731 (d^g), DS0706 (h, i).
other, suggesting close spatial association ( Fig. 3h and i Fig. 3h and i) . Phl is subparallel to the major foliation along grain boundaries of nominally OH-free minerals. Peridotite partial retrogression is recorded in kelyphitization of Grt and subsequently in serpentinization of Ol and bastitization of Opx.
C RY S TA L L O G R A P H I C R E L AT I O N S H I P S
EBSD analysis was applied to LSL and SSL on thin section surfaces of M 2 Pyx to determine mineral phases and crystallographic orientations simultaneously. Diffraction patterns were collected across the host Pyx crystal and twice at each analysed lamella. Mineral phases used for indexing included diopside (Di), enstatite (En), Spl [(Mg,Fe) 2 SiO 4 ], chromite (Chr), Grt (pyrope^grossular; Prp^Grs), Phl and tremolite. Phase determination and orientation were performed using 6^8 Kikuchi bands. EBSD patterns of the host Pyx and of the enclosed LSL were strong enough for semi-automatic analysis using the band detection function, whereas those of SSL had to be analysed by hand. From each duplicate analysis of a single lamella, that with the lower mean angular deviation (MAD) was chosen. All analysed mineral phases were successfully indexed as Di, En, Chr or Grt (Prp^Grs) with a MAD of 51·18. The resultant crystallographic planes and axes of host and enclosed lamellae mineral phases are plotted in Fig. 4a and b for M 2 Cpx and Opx, respectively. Table 1 summarizes the topotaxial relationships.
Repeated orientation analysis of a porphyroclastic M 2 Cpx surface ( Fig. 3b and c) that faces nearly 50014 Cpx shows that crystal distortion is minor or negligible. The crystallographic orientation of the enclosed LSL Grt (in total n ¼ 61) includes three types. Grt type I (n ¼ 45) has a strong orientation relationship as one of the four 51114 Grt parallels 50014 Cpx . The three remaining 51114 Grt show multiple symmetry by rotation around 50014 Cpx . Grt type II (n ¼12) has a clear topotaxial relationship as poles of one of the three {100} Grt cluster at 50014 Cpx poles and poles of one of the four {111} Grt are similar to {0^21} Cpx poles. The angular deviation between both directions in Cpx (c. 50·58) and in Grt (c. 54·78) is 4·28. Grt type III (n ¼ 4) appears as a variant of Grt type I inasmuch as one of the three {100} Grt type III shares possible orientations of {100} Grt type I (dashed circle in Fig. 4a ). The other {100} Grt planes of Grt type III follow different orientation relationships.
A porphyroclastic M 2 Opx surface (Fig. 3d, f and g ) that faces nearly {^110} Opx shows traces of SSL parallel to 50014 Opx , implying that the SSL morphology probably parallels either {100} Opx or {010} Opx . With the former plane {^110} Opx encloses a moderate angle of 608, and with the latter plane it encloses an angle of 308. Highly magnified BSE images and light microscopy reveal that the SSL have a moderate dip into the analytical surface. In combination with the orientation data, it follows that the SSL are probably bounded by {100} Opx . Analysis of the host Opx (n ¼ 52) shows that crystal distortion is nominal. LSL and SSL in Cpx (n ¼ 8 and n ¼11, respectively) have principal axes parallel to those of the host Opx. Poles of {001} Cpx have one out of two possible orientations irrespective of the lamellae size. The SSL of Mg-Chr (n ¼13) display symmetry multiples with one of the four {111} Mg-Chr parallel to {100} Opx and one of the six {110} Mg-Chr parallel to {010} Opx . The orientation of LSL Grt (n ¼ 8) has variation in that one of the four {111} Grt poles cluster at {201} Opx poles and one of the 12 {112} Grt poles (circles in Fig. 4b ) at {100} Opx poles. The angle between the two Grt planes (c. 61·98) slightly exceeds that between the two Opx planes (c. 60·48). Despite this mismatch, the clusters show that the crystallization of Grt lamellae also follows topotaxial principles.
Q UA N T I F I C AT I O N O F L S L M I N E R A L M I C RO ST RUC T U R E
The proportions of LSL, associated replacement products (kelyphite, alteration) and the host Pyx were determined by 2D image analysis at M 2 Pyx core surface areas of 0·74 mm 2 and 24 mm 2 in samples DS0703 and À31, respectively (see Supplementary Data, available for downloading at http://www.petrology.oxfordjournals.org). Each analytical area was subdivided into two equal-sized sub-areas to allow for a rough error estimate on the distribution of lamellae. The average (arithmetic mean) of the lamellae proportions from the sub-areas represents the total analysed area of the sample; the standard error (s) expresses the variation of the lamellae proportions between the sub-areas ( Table 2) .
The resultant modes from M 2 Cpx are 87·07 AE 0·13% Cpx, 9·38 AE 0·13% Grt and 3·56 replacements (Table 2) . Minor Phl and Spl are included in the Cpx proportion for simplicity. Small errors (5 1·5%) suggest that the distribution and quantity of Grt and associated replacement products are homogeneous in sample DS0703. Because replacements postdate the precipitation of Grt, a maximum estimate for the percentage of LSL M 2 Grt enclosed in porphyroclastic M 2 Cpx can be obtained by adding the proportion of the replacements to that of Grt, yielding a (Table 7 and part of Table 1 ). Small dots, poles of (100)(010)(001) Pyx . Circles, poles of {111} Grt ; different shadings belong to different datasets: white, S › anc & Rieder (1983); light grey, Aoki et al. (1980) ; dark grey, Hentschel (1937) and Reiche & Bautsch (1984) ; black, Reiche & Bautsch (1985) and Jekosch & Bautsch (1991) . Reciprocal axial planes for Pyx are shown as dashed lines. Symmetry constraints suggest additionally possible (unreported) {111} Grt pole positions (crosses) in Pyx. Xugou M 2 Grt lamellae (triangles) in Cpx partially confirm this prediction by type I (c) and suggest new predictions from type II (d).
total of 12·94 AE 0·13%. The minimum amount of Grt in Cpx before alteration is given by the present Grt proportion (i.e. 9·38 AE 0·13%).
Quantification of the LSL microstructure in M 2 Opx resulted in 93·36 AE 0·76% Opx, 3·05 AE 0·55% Cpx, 1·37 AE 0·48% Grt and 2·22 AE 0·82% kelyphite. Large errors (up to 37%) indicate that analysis of the coarse microstructure is sensitive to the size and position of the analytical area. In the studied case, the resultant proportions correspond to c. 80% of the total M 2 Opx grain cross-section surface. A maximum estimate for the percentage of LSL M 2 Grt enclosed in porphyroclastic M 2 Opx before kelyphitization can be obtained by adding the proportion of kelyphite to that of Grt, for a total of 3·59 AE1·30%. The present Grt proportion (i.e. 1·37 AE 0·48%) serves as a minimum estimate.
M I N E R A L C H E M I S T RY Major and minor elements Pyroxene
Compositional profiles (Fig. 5 ) and element mapping (see Supplementary Data) show that M 2 Pyx major element concentrations are homogeneous at the crystal scale. Average mineral compositions have Al 2 O 3 and CaO contents of 1·21wt % and 22·88 wt % for M 2 Cpx and 0·20 wt % (n ¼ 50, s ¼0·02 wt %) and 0·09 wt % for M 2 Opx, respectively (Table 3) . Mg# differs minimally, at 0·942 and 0·925, respectively. Steep Al gradients in M 2 Opx facing LSL Grt and in M 3 Opx rims usually occur within a few tens of micrometres ( Fig. 5a and b Fig. 5b and c) . M 3 Grt is also chemically nearly invariant. Mineral core average contents differ, with lower TiO 2 at 50·02 wt % (below detection) and Al 2 O 3 at 20·27 wt % and with higher CaO at 6·87 wt % and Cr 2 O 3 at 
Precursor pyroxene
The M 1^2 Opx chemistry was estimated from bulk analysis (defocused EMPA) of M 2 Opx and enclosed SSL Cpx and SSL Mg-Chr. Chemical integration was performed along four profiles 4 mm Â 340 mm long across SSL distal to LSL Grt (Fig. 3f) . One integrative composition covers measurements with oxide sums of 98^102 wt % (n ¼104); the other composition includes all measurements (n ¼134). Both integrative compositions show that the M 1^2 Opx before solid-state crystallization of the SSL had a low Al 2 O 3 content (0·28^0·51wt %), but significant CaO (0·28^0·48 wt %) and Cr 2 O 3 (0·83 wt %; Table 3 ). M 1 Opx and Cpx compositions were calculated using the chemistry (atomic proportions per six oxygens) of M 2 and M 1^2 mineral phases (Table 3) and their average volume proportions (Table 2 ) after conversion to average molar proportions (Table 4) . Molar volumes of the endmembers En, Di and Prp at standard conditions were used for the conversion (Berman, 1988) . Two compositions for M 1^2 Opx (averages of n ¼104 and n ¼136 analyses) generated two compositions for M 1 Opx. The results show that the M 1 Cpx has a low Ca content (0·786^0·813 c.p.f.u.) and contains jadeite and kosmochlor components (Al 0·145^0·179 c.p.f.u., Na 0·084^0·088 c.p.f.u., Cr 0·0360 ·037 c.p.f.u.). M 1 Opx has a significant Ca content (0·039^0·051 c.p.f.u.), low Al content (0·026^0·056 c.p.f.u.), and negligible jadeite and kosmochlor contents (Na 0·003^0·004 c.p.f.u.), but significant Cr content (0·023^0·024 c.p.f.u.). Three approaches constrain the Ts 
(c) (Table 4) .
Rare earth elements
REE data for M 2 and M 3 minerals are shown normalized to a C1-chondrite in Fig. 6 and as average mineral REE contents in 
JOURNAL OF PETROLOGY VOLUME 53 NUMBER 7 JULY 2012 Grt and Cpx in all samples exhibit normal REE partitioning with light REE (LREE) concentrated in Cpx and heavy REE (HREE) in Grt (upper panels in Fig. 6 ). The total REE content of each of the mineral phases differs between samples, suggesting that mineral chemical equilibration was local. Comparison of mineral REE partition data with those for HT and LT mantle xenoliths (Schmidberger & Francis, 2001) indicates that the Xugou samples record a T below 8708C after crystallization ( Fig. 6b and d) . A similar, presumably lower T is recorded in the D REE Cpx/Grt of the recrystallized mineral assemblage M 3 (Fig. 6f) . M 2 Opx has a nearly flat REE N distribution pattern with Ce to Dy of (0·01^0·02) Â C1 (Fig. 6c) . La is in the range of (0·04^0·08) Â C1. HREE fall below analytical detection limits. Integrated analyses of M 2 Opx and enclosed SSL, assumed to represent the M 1^2 Opx chemistry, have a sub-chondritic, negatively sloping, REE N distribution pattern. Variations in the LREE and middle REE (MREE) contents of up to half a magnitude are probably related to variations in the proportion of SSL Cpx under single laser spots. HREE fall below detection limits.
The M 1 Pyx REE content was calculated using the average molar proportions of minerals (Table 4) and mineral REE data obtained by LA-ICP-MS (except LSL Cpx and Grt in M 2 Opx, obtained by SIMS; Table 5 ). M 1 Cpx has negatively sloping LREE N and MREE N distribution patterns with LREE c. 10 Â primitive mantle (PM) and MREE contents similar to PM (Supplementary Data). The HREE N distribution pattern is flat, (0·5^0·7) Â PM. M 1 Opx also has a negatively sloping LREE N and MREE N distribution pattern with La 0·3 Â PM and MREE (0·02^0·04) Â PM. Detection limits prevent the HREE content from being reconstructed.
P^T E S T I M AT E S
Average mineral compositions (Table 3) were used in the Al-in-Opx/Grt geobarometers of and Brey et al. (2008) , both calibrated on primitive natural lherzolitic compositions (primitive upper mantle) at 2·86 GPa and 2·8^8 GPa, respectively. T was estimated using the Fe^Mg Opx/Grt geothermometers of Harley (1984a) , and the Ca-in-Opx geothermometer of . All these calibrations were performed on low-Cr natural samples at 900^14008C, except for the synthetic CFMAS samples of Harley (1984a) 
n.a. not analysed; b.d. below detection.
calibrated at 800^12008C. P and T were solved iteratively for the three combinations of barometers and thermometers (Table 6) . Results show broad overlap within 2s. Estimates based on M 2 Opx and enclosed LSL Grt result in a rounded weighted mean of 4·3 AE 0·3 GPa and 730 AE 308C (2s). In contrast, M 3 grains record higher metamorphic conditions of 5·5 AE 0·3 GPa and 760 AE 308C (2s). M 1 Opx and Cpx compositions (multiple combinations of either 'minimum' or 'maximum' compositions related to the lamellar Grt content; Table 4) were used in the empirical Cr and Mn geothermobarometer of Seitz et al. (1999) , assuming both Pyx were in chemical equilibrium. The calibration was performed on lherzolitic and websteritic xenoliths that equilibrated within the range 0·8^3·6 GPa and 760^13708C. If used as thermometers, the partitioning of Cr and Mn between both M 1 Pyx indicates temperatures of 1230^13808C and 1380^14808C, respectively, for a preset P of 1·5^4·0 GPa. Extremely steep Mn isopleths imply T estimates to be nearly insensitive to P. Therefore, the Mn isopleths can be combined with the inclined Cr isopleths to determine P. Iteratively solved P and T result in c. 4·1 AE0·8 GPa and 1380 AE 508C (1s) for combined 'minimum' compositions and c. 5·9 AE 0·8 GPa and 1480 AE 508C (1s) for combined 'maximum' compositions. All P^T estimates are consistent with the Grt-peridotite stability field, even when the large error of the Cr barometer is included.
D I S C U S S I O N Peridotite melting and refertilization
Understanding the Xugou peridotite melting history can help to ascertain the origin of the M 1 Pyx. Combination of published major element data for this peridotite with parameterized models for single melting events of primitive mantle (PM) constrain the degree and P of melting (Walter, 1998; Herzberg & O'Hara, 2002) . Samples with the highest Mg# of c. 0·92 could represent model residues formed by polybaric fractional melting in the Grt-peridotite stability field until Grt and Cpx exhaustion, from c. 4·5 to 3 GPa with a cumulative melt fraction (f) of c. 0·3 (see Supplementary Data) . Similarly, the Xugou peridotite with the highest Mg# is consistent with a residue formed at c. 4·0^4·5 GPa after extraction of an isobaric melt batch f of c. 0·35. Such high degrees of HP mantle melting are consistent with those derived from site-averaged compositions of LT (5 11008C) Opx-poor, cratonic mantle xenoliths (Walter, 2003) . The latter are argued to require a mantle potential T of 16008C or higher as proposed for ancient mantle convective overturns and mantle plumes (Davies, 1995; Herzberg, 2004) . Conversely, low-P (LP) melt models require polystage melting scenarios including hydrous melting above subduction zones (Canil, 2004; to produce a peridotite with an Mg# 40·915 (Arndt et al., 2009) . Assuming that the M 1 Pyx equilibrated at c. 4 GPa and c. 14008C (Table 6 ), equivalent to dry peridotite sub-solidus conditions (Ito & Kennedy, 1967) , a preceding hydrous melting stage probably required water migration into the mantle wedge from a dehydrating oceanic slab at P exceeding 4 GPa. Oceanic slabs of warm modern subduction zones pass the T threshold of 7208C; that is, the latest point at which slab dehydration occurs by serpentine (Srp) breakdown (Schmidt & Poli, 1998) , well before reaching P of c. 4 GPa (Peacock & Wang, 1999) . Archaean mantle that was at least 2008C hotter than today's mantle will similarly have had hotter oceanic subduction zones, causing Srp breakdown to have been shifted towards lower P. Therefore, melting of Archaean hydrous peridotite at c. 4 GPa may have occurred only in extreme cases. Published trace element data can also be used to constrain melting P and extent. The Xugou peridotites have depleted HREE contents of 50·1 ÂPM, which equals that of calculated fractional polybaric melting residues of pyrolite (Simon et al., 2007; Supplementary Data) . Model results suggest that melting proceeded either in the Grt-and Spl-peridotite stability fields, exceeding Grt and Cpx exhaustion (f 0·35^0·40), or alternatively, melting proceeded solely in the Spl-peridotite facies, just before Cpx elimination (f 0·20^0·25). A higher LP melt fraction, c. 0·30, is inferred from fractional melt modelling of Xugou Cpx trace elements (Zheng et al., 2005) that requires Cpx to be refractory; however, the high melt fraction predicted is beyond Cpx exhaustion (Walter, 1998; Hirschmann et al., 1999; Herzberg & O'Hara, 2002; Falloon et al., 2008) and so is questionable.
The final melting pressure is difficult to constrain from the whole-rock REE once both major REE-bearing phases (Grt and Cpx) have been exhausted in the residue, except for cases that lack significant melt extraction after the Grt-out reaction . The Yb content of the most melt-depleted Xugou peridotite, 0·0040
·04 ppm (Zhang et al., 2003a; Yuan et al., 2007) , is consistent with that of a Cpx-and Grt-free residue after polybaric fractional melting of a PM source starting at P of 2 GPa or higher .
Mineral chemical systematics in peridotites from across the Su-Lu orogen that preserve Grt^Pyx exsolution microstructures provide a further argument for a secondary origin of the Cpx in the Xugou peridotite. With the exception of a few data points, texturally old (porphyroclastic, exsolved) and young (recrystallized, exsolution-free matrix) Cpx both exhibit a negative correlation between Al content and Mg# (Fig. 7) . Trends are similar in mafic whole-rock compositions (Fig. 7a) , but differ in ultramafic rocks (Fig. 7b) . Coincidence in the former suggests equilibration of both Cpx generations with a mafic whole-rock chemistry. Different trends in the latter suggest that the old Cpx lacks equilibration with the ultramafic environment and thus has a separate origin.
In summary, the Xugou peridotite major element and REE data suggest that refertilization included Cpx crystallization. Whole-rock MgO and FeO contents are consistent with those of normal harzburgite, which lacks major secondary Si enrichment as recorded in some other cratonic areas (see Supplementary Data). This observation implies that the Xugou Opx is primary. Multiple stages of metasomatism are suggested from the heterogeneous trace element and REE contents and from the different degrees of LREE re-enrichment of the Xugou peridotite and its constituent minerals (Zheng et al., 2005; Yuan et al., 2007; Supplementary Data) . 
Solid-state exsolution during T decrease
Systematic crystallographic and morphologic orientation relationships between lamellae and their host phase provide a strong argument for lamellae formation by solid-state exsolution for various systems including the two Pyx, Pyx^Grt and Pyx^oxide systems; such an interpretation is supported by theoretical studies (Boudeulle, 1994) . All types of nominally anhydrous lamellae in Xugou Pyx fulfil these criteria (Table 1 ). In addition, orientation data for lamellae from Xugou are consistent with those reported from other mantle fragments (Table 7) . For example,5 1114 Grt of LSL Grt type I shares50014 Cpx , a relationship identical to that of similar mineral microstructures found in Czech Massif orogenic peridotites (S › anc & Rieder, 1983) and Kaapvaal Craton mantle xenoliths (Aoki et al., 1980) . The remaining three axes of 51114 Grt of LSL Grt type I appear to follow random orientation multiples that cause circular distribution patterns (Fig. 4a) . Distinct gaps in the circular distribution patterns and the orientation data from similar mineral microstructures (Fig. 4c) suggest that Xugou LSL Grt type I rather follows discrete orientation multiples of c. 158 with superimposed scatter. The scatter may be due to small angular differences between the Cpx planes that bound the Grt planes; for example, {110} Cpx equals c. 87·18 whereas {111} Grt is rectangular. Xugou LSL Grt type II is similar to Grt lamellae in Bohemian Massif orogenic peridotites (Hentschel, 1937; Reiche & Bautsch, 1984; Massonne & Bautsch, 2002) in that 51004 Grt shares 50014 Cpx (Fig. 4d ). An angular difference in {111} Grt orientation between samples from both localities (13·58) may suggest a possible multiple orientation relationship similar to that of LSL Grt type I. Available orientation data for Grt lamellae in Opx are scarce. Samples from the Kaapvaal Craton (Aoki et al., 1980) have Grt orientations in Opx that perhaps mirror those in Xugou Opx when taking symmetry multiples and angular misfits into account (Fig. 4e) .
Lamellae formation in the samples listed inTable 7 is explained by solid-state exsolution during cooling from HT Pyx, which is stable at c. 1200^16008C. The crystallographic orientation relationships of the exsolved minerals are consistent with or follow systematic principles with those from the Xugou peridotite that all appear typical for exsolution in the Grt^Pyx system. Thus we interpret the Xugou lamellae type mineral microstucture to have formed by solid-state exsolution. Two sets of lamellae in M 2 Opx and the lack of SSL next to LSL suggest sequential exsolution (Champness & Lorimer, 1973; Sautter & Harte, 1988; Becker, 1997) . Steep Ca isopleths in Opx Gasparik, 2000) require lamellae type Cpx and associated Al mineral phases to be formed during cooling (akin to path B in Fig. 1 ). Alternative exsolution of Mg-Chr during late compression (path C in Fig. 1 ) conflicts with the increasing Cr# in Opx (Brey et al., 1999) .
Chemical relationship between precursor Pyx and peridotite M 1 Pyx compositions can be tested for chemical equilibrium. Figure 8a shows Ca isopleths of Pyx in the CMAS system, derived from a thermodynamic model primarily based on mineral equilibrium experiments (Gasparik, 2000) . The compositional ranges of M 1 Cpx and Opx lack overlap in the plagioclase (Pl)-and Spl-peridotite stability fields, but have broad overlap at c. 1250^14008C and HP where Grt is the stable Al-phase. Figure 8b shows the Ca content of experimental Pyx from synthetic lherzolite compositions, in which mineral separates from different natural peridotites were mixed in proportion to match primitive upper mantle . Experimental conditions were 900^14008C and 1^6 GPa. Our results show that the Ca content of M 1 Pyx overlaps that of Pyx synthesized at 11008C in the Spl-peridotite stability field. These very different P^T regimes, HP and HT at sub-solidus vsersus LP and LT at super-solidus conditions, are based on chemical systems that differ in chemistry from that of the studied samples. The CMAS system includes models for ternary solid solutions of Opx, Cpx and Grt, independent of how the rock formed. In contrast, the lherzolitic dataset is based on a single set of peridotite melting experiments requiring Cpx to be refractory. As Xugou peridotite and Cpx chemistries suggest a secondary origin for Cpx, the experimental data from might be inadequate to constrain the P^Tconditions for the Xugou precursor Cpx in a protolith of intensively melt-depleted peridotite. Equilibrium experiments in the CMASCr system by Nickel (1989) performed at 900^14008C and 2·25^3·5 GPa include variable Cr contents in the starting material to mimic variably melt-depleted whole-rock compositions. The partitioning of Ca and Cr between coexisting Opx and Cpx is similar to that of the Xugou M 1 Pyx ( Fig. 8c  and d) . D Ca Opx/Cpx suggests aTof c. 12508C, which overlaps with the 1250^14008C range suggested by the CMAS system. Agreement between the Ca and Cr partition data suggests that the Xugou M 1 pyroxenes have a shared history and that Ca and Cr were chemically equilibrated down to a T of about 12508C during cooling. Coincidence in P suggested by the melt models (3^4·5 GPa) and the simplified chemical systems (42·5 GPa) in turn implies that the precursor pyroxenes had a shared history in the Grt-peridotite stability field.
P^T evolution of the Xugou peridotite Pre-and syn-exsolution
The cooling that formed Cpx lamellae by diffusion of Ca 2þ in Opx also induced other ions to re-partition. For example, the diffusivity of REE 3þ in Cpx decreases with increasing cation radius (Van Orman et al., 2001 ). In contrast, the diffusivity of REE 3þ in Opx is radius-neutral and is similar to the diffusivities of Cpx LREE at HT (1200^14008C) and Cpx heavier REE at moderate to low T (1000^12008C; Cherniak & Liang, 2007) . Thus the partitioning of MREE and HREE between Cpx and Opx continues to adjust when that of the LREE starts to freeze. M 2 Opx and enclosed LSL Cpx have D Opx/Cpx (triangles in Fig. 9 ) that exhibit a linear, negative slope distribution pattern (except for La and Ce) with cation radius that shows equilibration of most REE after exsolution at T below 10008C (Lee et al., 2007) . The REE content of present LSL Cpx (i.e. after SSL growth) is an approximation of that of LSL Cpx during SSL nucleation, because the SSL spacing records a low diffusion distance at that T. If combined with the REE content of M 1^2 Opx, an exsolution intermediate, then D Opx/Cpx (circles in Fig. 9 ) shows a concave distribution pattern, with the MREE indicating a minimum Tof nearly 10008C and the LREE a higher minimum T, up to c. 14008C. Partition data for M 1 pyroxenes (black shaded field in Fig. 9 ) are similar, with the lightest REE pointing to a pre-exsolution T well above 14008C.
Cooling also caused diffusion of Al 3þ in M 1 Pyx, which led to the formation of Grt and Mg-Chr lamellae. Al concentration gradients below 10 mm in M 2 Cpx next to LSL Grt (Fig. 5c ) are consistent with an average cooling rate below c. 3008C Ma À1 until a T of c. 11508C was reached (Sautter & Harte, 1990 (Dodson, 1973) suggests that Al in M 1^2 Opx distal to LSL Grt ceased to diffuse at a minimum of 9008C (Fig. 10a) . Application of this T and the M 1^2 Opx Al content to Al-in-Opx/Grt geobarometer calibrations in the CFMAS system (Harley & Green, 1982; Harley, 1984b) indicates a syn-exsolution P of 3·4^4·7 GPa (Fig. 10b) . This P exceeds the calibration ranges (800^12008C and 0·5^3 GPa), implying a lower precision than the AE0·3 GPa given in the calibrations. The positive slopes of the Al isopleths require a higher P for a higher closure T (higher cooling rate). Consequently, models for Grt lamellae formation in Xugou Opx during cooling at alternatively LP (as may apply during cooling at Moho depths) are not supported by the lamellae spacing.
Exsolved and integrated Pyx compositions (Tables 3  and 4) can be used to constrain the P^T history further by applying the CMAS thermodynamic model of Gasparik (2000) (Fig. 11a) . Ts contents of 4·65^7·6 mol % in M 1 Cpx suggest a narrow stability field (with uncertainties in P of AE0·5 GPa, T of AE1008C) ranging sub-linearly from c. 1·5 GPa and 8008C to c. 5·0 GPa and 16008C. Ts (Ts 50·5 mol %) and equilibrated below 8708C, as indicated by D REE Cpx/Grt , which corresponds to a stability field above c. 3 GPa. In summary, sequential generations of Pyx show a systematic decrease in Al and Ca content. All P^T estimates lie within the Grt-peridotite stability field and can be connected by a near-isobaric cooling path at about 4 GPa from a minimum of 14008C to58008C. M 1 pyroxenes fulfil conditions of Cr equilibrium (Fig. 8c) , which may justify the application of the empirically calibrated Cr thermometer (Table 6 ). The derived minimum Tof about 13808C is similar to P-insensitive Testimates based on the Mn partitioning of 1380^14808C. These estimates in turn overlap those derived from M 1 Pyx REE partitioning, which are greater than 14008C (Fig. 9) , and from major elements (CMAS system), which are in the range 1250^15008C (Figs 8a and 11a) . Associated P estimates broadly overlap with those derived from Al diffusion data in the CFMAS system (dotted field in Fig. 11a) , which all confirm an origin of the M 1 Pyx at a minimum T of 14008C in the Grt-peridotite stability field prior to cooling.
The partitioning of major elements and REE between M 2 minerals suggests that the cooling stage ended at 4·3 GPa and c. 7308C (Table 6 ; Figs 6, 9 and 11b), conditions that resemble those of old SCLM with a surface heat flow of c. 33 mW m À2 (Pollack & Chapman, 1977) . Such low geothermal gradients are stable over geological time-scales only beneath Archaean terranes, adjacent Palaeoproterozoic margins (Nyblade & Pollack, 1993) and at 50·2 Ga within the hanging wall of subduction zones (e.g. Warren et al., 2008) .
Post-exsolution
Long-term cooling recorded in the Xugou mineral exsolution microstructures preceded a local geodynamic event that caused dynamic recrystallization, partial to complete destruction of exsolution microstructures in M 2 minerals and formation of a lamellae-free M 3 mineral assemblage (Fig. 3) . Dynamic recrystallization passed metamorphic conditions of c. 5·5 GPa and 7608C; that is, higher than those recorded by the M 2 mineral chemistry (path B in Fig. 11b ). The duration was short and the T low enough to prevent chemical resetting in the M 2 and M 3 mineral phases during and after the M 3 event. Metamorphic conditions after exsolution (M 2 ) and during recrystallization (M 3 ) both overlap those reported previously for the peak UHP metamorphism of the Xugou and nearby Hujialin peridotite massifs (4^6·5 GPa and 700^8208C; oval field in Fig. 11b ; Zhang et al., 2003a; Yang, 2006) . The higher of these estimates is similar to peak UHP metamorphic conditions determined from the nearby Zhimafang peridotite massif (5·6^6·7 GPa and 810^8808C; Ye et al., 2009) . All UHP metamorphic estimates have been interpreted to reflect metamorphism in a subduction zone environment. An implication is that the geodynamic event that caused deformation and recrystallization of porphyroclastic Pyx and formed the lamellae-free M 3 mineral assemblage at Xugou is most probably the continent^continent collision that formed the Su-Lu metamorphic belt during the early Mesozoic (Hacker et al., 1998; Liu et al., 2004) . Our proposed tectono-metamorphic evolution for the Xugou peridotite is summarized in Harley (1984b) and Harley & Green (1982) , respectively (CFMAS system). Dotted lines illustrate minimum P of 3·4^4·7 GPa for millimetre-spaced LSL Grt formation.
Consistent models for Grt^Pyx exsolution
Grt^Pyx mineral exsolution microstructures in Su-Lu are reported from alternating mafic^ultramafic sequences at Yankou, Hujialin and Zhimafang ( Fig. 2 ; Zhang et al., 1994b Zhang et al., , 2000 Hiramatsu & Hirajima, 1995; Ye et al., 2000 Ye et al., , 2009 Zhang & Liou, 2003; Yang, 2006; Zhao et al., 2007) . All three localities share the characteristic of Grt lamellae in Pyx and vice versa, preserved solely in the texturally largest grains. Those largest grains include centimetre-scale Grt at Yankou, Pyx up to half a centimetre in size at Hujialin and millimetre-scale Pyx enclosed in centimetre-scale Grt at Hujialin and Zhimafang. Surrounding millimetre-to sub-millimetre-scale recrystallized, texturally younger grains of the matrix mineral assemblages lack the lamellae type Grt^Pyx microstructure. Lamellae of silicates usually occur associated with those of Fe^Ti and/or Cr oxides, including rutile in Grt, ilmenite AE magnetite AE hercynite in Cpx and Chr in Opx.
Interpretations of the observations include a solid-state exsolution process for lamellae formation, but vary tremendously in terms of the inferred geological environment. Pyx lamellae in Su-Lu Grt is interpreted to have formed during decompression of subducted continental crust (Table  6 ). Error bars are 1s of each single thermometer and barometer (outlined for M 1 ). Continuous-line arrows combine all estimates and suggest a two-stage scenario: near-isobaric cooling in the SCLM (A, microstructure formation) followed by near-isothermal compression (B, partial destruction of the microstructure during recrystallization). Oval field delineates published peak UHP metamorphic estimates from Xugou and Hujialin orogenic peridotite massifs (Zhang et al., 2003a; Yang, 2006) . Dashed lines, phase change Gr^Dia (Kennedy & Kennedy, 1976 ) and cratonic geotherms (Pollack & Chapman, 1977) . Dotted arrows, alternative P^T paths prior to UHP metamorphism proposed for Su-Lu peridotite massifs containing Grt lamellae in Pyx: 1, Yang (2006); 2, Hiramatsu & Hirajima (1995) (Ye et al., 2000) . The complementary microstructure (namely, Grt lamellae in Pyx) is proposed to have formed either (1) during isobaric cooling at LP (1·0^1·5 GPa) prior to continental subduction (Yang, 2006) , (2) from a metastable (cooled) LP state during continental subduction (Yang, 2006) , or (3) by coeval cooling and compression related to continental subduction (Zhang et al., 1994b (Zhang et al., , 2000 Hiramatsu & Hirajima, 1995) . All these interpretations require that the mafic^ultramafic rock assemblages containing the Grt^Pyx microstructures have an LP ( 1·5 GPa) origin. Alternatively, Zhang & Liou (2003) hypothesized an HP origin (!5 GPa) for microstructure formation at Hujialin based on analogues in SCLM xenoliths and HP experiments on the Ti content in Grt (Zhang et al., 2003b) . Similar to the previous interpretations (1)^(3), Zhang & Liou (2003) favoured a change in P accompanied by cooling to force the exsolution process; that is, dependent on the precursor mineral phase, either (4) compression of tschermakitic Pyx from 5 to 7·5 GPa during continental subduction, or (5) decompression of majoritic Grt from 15 to 7·5 GPa during mantle upwelling. A modified version of (5) includes exsolution during decompression to shallower depths, from 15 to 3 GPa (Zhao et al., 2007) . In a recently revised interpretation by Zhang et al. (2011) , those workers argued that the exsolution at Hujialin occurred during (6) compression at HP from c. 3·5 to 5·5 GPa associated with cooling related to the incorporation of the peridotite into the subducting slab. Variants (1)^(6) do not apply to the Xugou samples, as the data presented here support neither LP nor compression during cooling (Fig. 11) . Mineral chemical partitioning and diffusion data instead favour exsolution prior to tectonism that caused UHP metamorphism.
Relation with the local Archaean SCLM
Embedded within a UHP metamorphic mountain belt that formed during aTriassic continent^continent collision, there are two main candidates for the origin of the Xugou peridotite: the mantle beneath either the NCC or the Yangtze block. Geochemical similarity between Su-Lu mantle peridotite massifs and mantle xenoliths from Palaeozoic kimberlites that penetrates Archaean NCC crust (Menzies & Xu, 1998; Zheng et al., 2006) supports a sub-NCC origin. This origin is also consistent with models for peridotite emplacement in subduction zones (Brueckner, 1998) with respect to the subduction geometry (Yang, 2002) . A sub-Yangtze block origin is supported by contrasting younger, Palaeoproterozoic T RD (1·8^2·0 Ga) and Re^Os model ages (T MA , 1·9^2·2 Ga) for the Xugou peridotite (Yuan et al., 2007) . These ages are interpreted as melting ages, assuming that peridotite refertilization inclusive of Re addition occurred late (i.e. at 50·5 Ga). Arguments that challenge this premise include the following: (1) M 1 Cpx formed relatively early by refertilization; (2) depleted mantle Hf model ages (1·0^1·1 Ga and 2·1^2·2 Ga) for Zrn from eclogites enclosed in the Xugou peridotite document Proterozoic refertilization and metasomatism (Zhang et al., 2009) . Thus, the Palaeoproterozoic model ages (T MA ) may also be regarded as ages derived from an isotope mixture that includes components of an older peridotite protolith and additional time-integrated radiogenic Os ingrowth caused by multiple re-enrichment processes prior to the Phanerozoic.
Two direct arguments favour Xugou peridotite derivation from the NCC SCLM hanging wall at c. 135 km depth [P to depth conversion after the Preliminary Reference Earth Model of Anderson (1989) ] during the prograde evolution of a continental subduction zone. First, the most refractory peridotite chemistry with Ol Mg# !0·92 (Supplementary Data) is similar to that of refractory mantle xenoliths inferred to be of Archaean age in the region (Zheng et al., 2007) . Second, M 2 mineral chemical partition data record P^T conditions consistent with a geotherm with a c. 33 mW m À2 surface heat flow (Fig. 11b) , which is typical for both Archaean areas and the hanging wall of subduction zones. In contrast, the northern margin of the Yangtze block, which formed the footwall during the continent^continent collision (Yang, 2002) , has a lower Ol Mg# of 0·905 and a higher geothermal gradient equal to c. 50 mW m À2 surface heat flow during the Carboniferous (Zhang et al., 2001) . As a consequence, the depth of peridotite origin, 135 km, exceeds the maximum depth of the SCLM beneath eastern China after late Mesozoic lithosphere delamination, c. 90 km (Menzies et al., 1993; Griffin et al., 1998) . It follows that the Xugou peridotite massif represents a relict of former Archaean NCC lithospheric mantle.
C O N C L U S I O N S
(1) The peridotite massif at Xugou adds to those in the Su-Lu UHP metamorphic belt that preserve Grt^Pyx mineral microstructures in texturally old grains. Crystallographic orientation relationships of nominally anhydrous exsolution lamellae in Xugou porphyroclastic Cpx and Opx are consistent with those in other mantle fragments and suggest microstructure formation by solid-state exsolution from former high-Ca and high-Al Pyx.
(2) Mineral chemical partition after, during and before exsolution constrains the P of Xugou peridotite evolution and origin to about 4·3 GPa. This P is consistent with conditions suggested by peridotite fractional and equilibrium melt models, which imply, based on major and trace elements, a minimum of 30% melting entirely within the Grt-peridotite stability field until Grt and Cpx exhaustion. The implied high potential mantle T of about 16008C is consistent with the order of T derived from the chemistry of secondary precursor Cpx at a corresponding depth of about 135 km. This depth exceeds the SCLM thickness after Late Mesozoic lithosphere delamination in the region. Consequently, the Xugou peridotite is interpreted to represent a fragment of former Archaean NCC lithospheric mantle.
(3) We report the first recognition of Grt^Pyx exsolution microstructures occurring in an Asian orogenic peridotite massif that formed in the SCLM during near-isobaric cooling at UHP towards a cratonic geotherm.
(4) T values indicated by REE partition data from early exsolution lamellae (LSL) are lower than those indicated by the major element compositions of the corresponding reconstructed host Pyx (M 1^2 Opx). This observation suggests that mineral chemical diffusion of elements with low diffusivities, such as LREE, continued after total exsolution, probably triggered by fluids.
(5) Dynamic recrystallization during UHP metamorphism at c. 5·5 GPa and 7608C partially destroyed the exsolution microstructures. These P^T conditions overlap with those during the prograde subduction of the Yangtze block beneath the NCC during the Early Mesozoic. 
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